introduction
During the last years, improvements in the knowledge of cancer biology led to identification of new agents active against nonsmall-cell lung cancer (NSCLC). Drugs targeting the tyrosine kinase domain of the epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI), such as gefitinib (ZD 1839, IressaÒ, AstraZeneca, Macclesfield, UK) and erlotinib (OSI 774, TarcevaÒ, Genentech, South San Francisco, CA, USA), demonstrated to induce dramatic and durable responses in NSCLC patients harboring activating EGFR gene mutations [1] and increased EGFR gene copy number [2] [3] [4] [5] .
Unfortunately, 20% to 50% of patients with clinical or biological predictors for EGFR-TKI sensitivity are resistant to the drug (primary or de novo resistance) and although the majority initially shows a good clinical response, drug resistance invariably occurs and disease progresses (acquired resistance). Potential mechanisms involved in primary resistance to EGFR-TKIs have been explored in preclinical models [6] [7] [8] or, retrospectively, in cohorts of patients unselected for clinical or biological characteristics [9, 10] . However, none of them can account for the majority of resistant cases. For instance, presence of KRAS mutation was significantly associated with lack of response to EGFR-TKIs, but this biological event generally occurs in patients without EGFR mutations [10, 11] and only in 30% of adenocarcinomas.
A secondary EGFR gene mutation (T790M) was found in 50% of patients relapsing after an initial response [12] and, more recently, another secondary mutation (D761Y) was found in a brain metastasis of a lung cancer patient initially responsive to gefitinib [13] . Two recent studies revealed amplification of MET oncogene in 20% of patients with acquired resistance [14, 15] . MET is the receptor for hepatocyte growth factor overexpressed in various cancers, including NSCLC [16] [17] [18] [19] [20] . A somatic mutation in the MET gene has been identified in lung cancer, resulting in a deletion in the juxtamembrane domain and stimulation of MET transforming activity in vitro [21] . Several studies described MET gene amplification in up to 10% of gastric cancers [22] [23] [24] and in 4% of esophageal and lung cancers [25, 26] . In addition to proliferative and antiapoptotic activities that are common to many growth factors, MET activation demonstrated to stimulate cell-cell detachment, migration, and invasiveness [27] . Preclinical findings suggested that lung cancer cell lines harboring MET gene amplification are dependent on MET for growth and survival [28] . Engelman et al. [14] reported that NSCLC overcomes inhibition of EGFR-TKIs by amplifying the MET oncogene to activate HER3, a member of the EGFR family, and the PI3K-AKT cell survival pathway. That study represented the first report of HER3 activation through a kinase other than a receptor of the EGFR family and of a genetic alteration not involving EGFR that is associated with EGFR-TKI acquired resistance in humans. In another study, Bean et al. [15] showed MET amplification in 21% of patients with acquired resistance to gefitinib or erlotinib and only in 3% of untreated patients, confirming that MET could be a relevant therapeutic target for some individuals with acquired resistance to EGFR-TKIs.
Whether MET amplification is a phenomenon occurring only under therapeutic pressure or also plays a role in de novo resistance to EGFR-TKIs is unknown. Moreover, the incidence of MET amplification in patients with biological predictors for EGFR-TKI sensitivity has not been previously examined. In the present study, we investigated whether MET gene copy number was associated with primary resistance to gefitinib therapy and whether such event occurs in EGFR FISH-positive patients.
patients and methods

patients
The present study has been conducted in primary NSCLC from two cohorts: one with individuals with high chance to respond to EGFR-TKI and treated with gefitinib for advanced, metastatic disease (ONCOBELL cohort) and another with surgically resected patients not exposed to anti-EGFR agents (Humanitas cohort). The ONCOBELL trial was a prospective phase II study evaluating gefitinib sensitivity in never smokers or EGFR FISH and phospho-Akt-positive NSCLC that enrolled 42 patients and has all characteristics previously described [5] . For this study, tumor specimen collected before gefinitib therapy was available from 24 patients. Written informed consent was obtained from each patient before entering the study.
The Humanitas cohort included 182 NSCLC patients with pathologically confirmed stage III or IV who underwent radical surgery at the Istituto Clinico Humanitas in Rozzano (Italy) during the period 2000-2003. Paraffin-embedded tumor specimens were used to construct a tissue microarray (TMA) with 600 lm cores. An adhesive-coated tape system (Instrumedics, Hackensack, NJ) was used for sectioning the tumor array blocks at 4 lm.
The study was approved by the local Ethics Committee and was conducted in accordance with ethical principles stated in the most recent version of the Declaration of Helsinki or the applicable guidelines on good clinical practice, whichever represented the greater protection of the individuals.
FISH analysis
Unstained 4-lm sections from the TMA or tumor biopsies or resections were submitted to a dual-color FISH assay using a MET/CEP7 probe cocktail prepared with the in-house developed MET DNA (RP 11-95I20 BAC clone) labeled with SpectrumRed and the SpectrumGreen CEP7 (Abbott Molecular). The FISH assays were carried out according to protocol previously described [4] , including pretreatment with 2· SSC at 75°C and digestion with Proteinase K for 7-15 min each, codenaturation at 85 o C for 15 min, hybridization for 36 h, and rapid posthybridization washes with 2· SCC/0.4 NP40. Signals were enumerated in at least 50 tumor nuclei per specimen, using epifluorescence microscope with singleinterference filter sets for green (FITC), red (Texas red), and blue (DAPI) as well as dual (red/green) and triple (blue, red, green) band pass filters. For each specimen, the mean and standard deviation of copy number per cell of each tested DNA sequence, the percentage of cells with less than two or two, three, and four or more copies of the MET gene, and the ratio MET/CEP7 were calculated. For documentation, images were captured using a CCD camera and merged using dedicated software (CytoVision, AI, Santa Clara, CA, USA).
NSCLC cell line analysis
Two related NSCLC cell lines were analyzed for genomic status of MET by FISH using the probe set described above and protocol described elsewhere [4] . The EGFR mutant HCC827 cell line (del E746_A750), which has been extensively characterized [14] , was obtained from America Type Culture Collection (Manassas, VA). HCC827 GR6 (gefitinib resistant, clone 6) cell line was generated under experimental conditions as previously described [14] . HCC827 has an EGFR exon 19 deletion and gene amplification and is highly sensitive to gefitinib whereas HCC827 GR6 carries similar characteristics for the EGFR gene but has MET amplification and is resistant to gefitinib treatment [14] . Both cell lines were maintained in RPMI 1640 (Cellgro, Mediatech Inc., Herndon, CA) supplemented with 5% FBS, 100 units/ml penicillin, 100 units/ml streptomycin, and 2 mM glutamine.
statistical analyses
The primary end-point was to assess whether MET gene copy number impaired response to gefitinib therapy in an NSCLC population with clinical or biological predictors for EGFR-TKI responsiveness. Differences in response rate and association with clinical characteristics were compared by Fisher's exact test or v 2 test. Time to disease progression (TTP), calculated from the time of first gefitinib dose to time of disease progression or last disease assessment, overall survival (OS), calculated from the time of first gefitinib dose to patient death or last contact, and the 95% confidence intervals were evaluated by survival analysis using Kaplan-Meier method [29] . TTP and OS for the groups with negative and positive biomarkers were compared using the log-rank test. Statistical significance was set at <0.05 for each analysis. Analysis of receiver operating characteristic (ROC) curve was carried out with the aim of determining a cut-off point for MET gene copy number as a continuous variable [30] . All statistical analyses were carried out using SPSS version 11.5.1 (SPSS Italia srl, Bologna, Italy).
results patient characteristics
All 24 patients from the ONCOBELL cohort included in this study had stage IV disease. As shown in Table 1 , these patients were mainly females (70.8%), with adenocarcinoma (75.0%) and never smokers (89.3%). Seventeen patients (70.8%) were EGFR FISH positive (three with gene amplification and 14 with high polysomy) and 15 individuals (62.5%) harboured an EGFR mutation (exon 19 deletion in 11 cases, exon 21 point mutation in one case, and exon 20 insertion in three cases).
Two patients harboured a HER2 mutation (exon 20 insertion) and one patient had a KRAS mutation (G12V). In this cohort, response rate was 37.5%, median TTP was 2.6 months, and median OS was 7.4 months. The 182 patients from the Humanitas cohort included NSCLCs with pathologically confirmed stage III (85.1%) or stage IV (14.9%) disease. As shown in Table 2 , the majority of these patients were males (80.7%), former or current smokers (86.8%), and had adenocarcinoma with or without bronchioloalveolar features (53.2%).
MET FISH results
NSCLC cell lines. Figure 1 shows MET gene status in the two NSCLC cell lines analyzed. In the gefitinib-sensitive HCC827 cell line, the mean MET copy number was 4 ( Figure 1A ). The gefitinib-resistant HCC827 GR6 cell line displayed a clustered gene amplification in all nuclei, and the mean MET gene copy number was >12 ( Figure 1B ).
ONCOBELL cohort (N = 24). In this cohort, mean MET gene copy number per tumor nuclei ranged from 1.7 to 6.10, with a median value of 2.91 and no patient had true gene amplification as defined with criteria previously reported [31] . No patient had MET copy number equal or greater than the gefitinib-resistant EGFR mutant HCC827 GR6 cell line, and seven patients (29.1%), including three gefitinib responders, had a mean MET gene copy number higher than the sensitive HCC827 sensitive cell line. Among these seven patients, only two had a mean five or more copies per cell (mean 6.0 and 6.1), one EGFR FISH+/EGFR mutant and one EGFR FISH+/EGFR wild type and both responded to gefitinib therapy.
Data were further analyzed using a ROC curve and the area under the curve was 0.46, which was not satisfactory for discriminating responders versus resistant patients. Therefore, we decided to analyze the data using the median MET gene copy number value as cut-off for discriminating a high-copy number subset (mean ‡ 2.91) versus a low copy number subset (mean < 2.91), see Figure 2 . As shown in Table 3 , MET gene status was not associated to any clinical or biological characteristic. No difference in response rate (33.3% versus 41.7%, P = 1.0), TTP (2.6 versus 2.2 months, P = 0.6), and survival (18.7 versus 5.4 months, P = 0.15) was observed between MET FISH high-copy and low-copy carrier (Table 3) . Among 19 EGFR FISH+ or EGFR mutation+ patients, 10 have not responded to gefitinib therapy and nine had a partial response. As shown in Table 4 , no difference in response, TTP, and OS was observed according to MET gene copy number.
humanitas cohort (N = 182). Because of the lack of association of MET gene copy number with gefitinib sensitivity in the ONCOBELL cohort, we extended our analysis to a large population of advanced NSCLC to investigate whether the absence of MET gene amplification was due to the particular characteristics of the ONCOBELL patients or was a general phenomenon in NSCLC. MET was successfully analyzed by FISH in 166 cases. Mean MET gene copy number ranged from 1.3 to 27.5 per tumor nuclei, with a median value of 3.6 per cell. The table reports the characteristics of 24 patients selected among participating to the ONCOBELL study. The only criterion used for patient selection was availability of tumor tissue from primary lung cancer. EGFR, epidermal growth factor receptor. MET gene amplification [31] was observed in 12 cases (7.2%), including four patients (2.4%) with a mean MET copy per cell higher than observed in the resistant HCC827 GR6 cell line. Additional 13 patients (7.8%) displayed high MET copy numbers (mean ‡ 5 copies per cell). MET gene amplification or overrepresentation was not significantly associated with gender (P = 0.7), smoking history (P = 0.7), or histology (P = 0.9). In this cohort of patients, we also evaluated the EGFR status by FISH using methods and scoring criteria previously described [4] . The analysis was successfully carried out in 156 individuals and a positive EGFR FISH result was observed in 48.7% of cases. Among the 76 EGFR FISH-positive patients, nine (11.8%) had MET amplification, including three patients (3.9%) with a mean MET copy number higher than in HCC827 GR6-resistant cell line. Among the 80 EGFR FISH-negative patients, MET gene amplification was observed in three (3.7%) cases, and only one (1.2%) had a MET copy number higher than in HCC827 GR6. The association between MET and EGFR gene copy number was not statistically significant (Pearson P value = 0.2).
discussion
The present study, one of the largest exploring the role of MET gene copy number in NSCLC patients exposed to EGFR-TKIs, has shown that MET FISH analysis carried out in pretreatment tumor biopsies did not identify patients with primary resistance to gefitinib therapy. Although patients who are never smokers, EGFR mutant or EGFR FISH positive have a high chance to respond to gefitinib or erlotinib [1] [2] [3] [4] [5] ; it is not uncommon in clinical practice to observe individuals who are refractory to the treatment even when presenting numerous clinical and biological features positively associated with EGFR-TKI sensitivity. In cohorts of patients not selected for biological characteristics, KRAS mutations emerged as the main mechanism involved in primary resistance to EGFR-TKIs [9, 10] . Nevertheless, these mutations generally occur in smokers and in individuals with no EGFR mutation [9] [10] [11] , clearly suggesting that other biological events are responsible for the lack of EGFR-TKI sensitivity occasionally observed in a potentially sensitive population.
Previous studies showed that MET amplification was responsible for acquired EGFR-TKI resistance in 20% of NSCLC [14, 15] . Whether this event is responsible for primary resistance to gefitinib therapy in EGFR-positive (FISH or mutation), KRAS wild-type NSCLC patients is unknown. Therefore, in the present study, in order to investigate additional mechanisms involved in primary resistance, we analyzed MET gene copy number in a patient population with clinical or biological predictors for EGFR-TKI sensitivity. In the ONCOBELL cohort, KRAS, HER2, and EGFR gene status was known, allowing to analyze the impact of MET without the confounding effect of other biological mechanisms potentially responsible for primary resistance [9-11, 32, 33] . Although potentially sensitive to gefitinib therapy, a large percentage of the ONCOBELL patients did not respond to the treatment, and our current findings do not support that genomic gain for MET had a critical role in such clinical outcome, as suggested by the absence of amplification in all analyzed pretreatment specimens.
We further investigated the incidence of MET amplification in NSCLC, in order to assess whether genomic gain of MET sequences represents a rare phenomenon only in an EGFR-TKI potentially sensitive population or is a general event in NSCLC. Because the ONCOBELL cohort included only patients with metastatic disease, and because data on a possible association between MET gene copy number and tumor stage are not available, our analysis was conducted only in patients with advanced stage (stages III-IV). In the humanitas cohort, MET gene amplification was observed in <10% of cases, confirming that such phenomenon is not frequent in NSCLC.
To further interpret the lack of association of MET gene copy number with gefitinib sensitivity, we analyzed MET in two different NSCLC cell lines, one sensitive (HCC827) and one resistant (HCC827 GR6), aiming to explore whether the level of genomic gain in these two cell populations was comparable with the MET status observed in patient cohorts. The gefitinib-sensitive cell line HCC827 had moderate level of 
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MET gene gain, whereas MET gene amplification was detected in the gefitinib-resistant HCC827 GR6. The very high MET copy number per cell (>12 copies) associated with resistance to gefitinib in HCC827 GR6 was comparable to the high level of MET amplification previously described for this cell line [14] and was found in none of the ONCOBELL patients. Recently, two studies investigated the impact of MET gene copy number in patients exposed to gefitinib therapy [34, 35] . In the study carried out by Sequist et al. [34] , the only patient with EGFR mutation with MET amplification resistant to gefitinib therapy had an average of 12 MET signals per cell. In the study carried out by Yang et al. [35] , among the 39 patients evaluated for MET, only one female patient had a MET copy number >5.5, and she had short time to progression and survival. In the present study, the only two ONCOBELL patients with high MET copy number were both sensitive to gefitinib and had a mean of 6 copies of MET gene per cell, considerably below the level observed in the HCC827 GR6 cell line and in the Sequist experience [34] . Although 7.3% of patients in the Humanitas cohort had MET amplification, only four patients (2.4%) had a level of gene amplification higher than in the HCC827 GR6 cell line. Importantly, MET gene copy number was not associated with EGFR FISH status and a level of MET amplification higher than in the HCC827 GR6 cell line was observed only in 3.9% of EGFR FISH-positive individuals. On the basis of these findings, it is possible to hypothesize that high level of MET amplification, known to be associated with gefitinib resistance in vitro, rarely occurs in untreated NSCLC irrespective of EGFR status and it may develop only under therapeutic pressure, leading to the conclusion that, in EGFR-TKI-naive patients, the level of genomic gain for MET is not increased enough to impact response to TKIs. This finding has clinical implications since support that anti-MET strategies should be focused on EGFR-TKI-resistant patients, where MET gene Figure 2 . In the ONCOBELL cohort, the median MET mean gene copy number per cell was 2.91. Time to disease progression was 2.6 months in patients with mean MET gene copy number ‡2.91 (MET high copy number) and 2.2 months in individuals with mean MET gene copy number <2.91 (MET low copy number). This difference was not statistically significant (P = 0.6). Median survival was 18.7 months in patients with mean MET gene copy number ‡2.91 and 5.2 months in individuals with mean MET gene copy number <2.91. The difference was not statistically significant (P = 0.15). original article Annals of Oncology gain is more frequently observed and can drive tumor resistance [14] .
In conclusion, this study showed that MET gene amplification is a rare event in advanced NSCLC, particularly at the high levels observed in a cell line-resistant model. Our results suggest that MET inhibitors currently under investigation in clinical trials may be effective only in a small percentage of NSCLC and should be investigated in patients with acquired resistance to EGFR-TKIs. 
